Mouse thymic virus (TA) was previously described by Rowe and Capps (14) as an enzootic virus in certain colonies of laboratory and wild mice. TA was derived from a passage series of material containing mammary tumor agent, but TA was differentiated from this agent and other mouse viruses by the distinctive biological property of the virus to produce massive necrosis of the thymus in newborn mice. Thymus cells from TA-infected mice observed in electron micrographs contained both nuclear and cytoplasmic particles and prominent fibrils in the nucleus (14) . An electron microscopic study of the particles in the thymus before massive necrosis occurred showed that the morphology of the particles was similar to that of herpesviruses (12) .
The development of an indirect fluorescentantibody (IFA) assay and a complement fixation (CF) test has permitted the detection of TA in tissues and the investigation of pathogenesis and t Present address: Department of Pathology, Medical College of Virginia, Richmond, VA 23298. immune responses in mice. This report describes these assays and extensive studies on the biology and epidemiology of TA. TA is compared with mouse cytomegalovirus (MCMV) (8, 15) , and the data presented show that they are two distinctly different enzootic herpesviruses in mice.
(Some portions of this research were performed to fulfill partial requirements for a Ph.D. from the George Washington University, Washington, D. C., 1973 [S.S.C.].) MATERIALS AND METHODS Animals. Outbred pregnant Swiss mice were obtained from Microbiological Associates (MA), Walkersville, Md., from National Laboratory (NL) Animal Co., Creve Couer, Mo., from Taconic Farms (TF), Germantown, N.Y., or from a special MA colony (NIH) for which the foundation stock had been cesarean derived, fostered by germfree mothers, and designed to maintain mice as specific-pathogen free (SPF). Inbred mouse strains were purchased from Microbiological Associates and from Jackson Laboratories, Bar Harbor, Maine. Newborn mice were less than 1 day old, and adult mice were 4 to 8 weeks of age. Mice were housed in plastic, disposable, filtertopped cages containing sterilized bedding and diet. Apples were used as the water source.
Virus. The mouse thymic virus seed pool (1281) was the fifth newborn mouse passage provided by W. P. Rowe and was a 10% extract of thymuses, livers, spleens, kidneys, and adrenal glands. Seed virus was passaged three times in SPF NIH Swiss mice. For passage, newborn mice were injected with 0.1 ml of extract intraperitoneally (i.p.), livers, kidneys, thymuses, and spleens were harvested 7 days after inoculation, and 10% suspensions were prepared and clarified at 1,700 x g for 30 min. All tissues were homogenized in glass tissue grinders with Eagle basal medium in Earle balanced salt solution (EBME) containing 20% veal infusion broth and antibiotics.
June Osborn, University of Wisconsin, Madison, kindly provided the Smith strain of MCMV, which had been plaque-purified three times in mouse embryo cell cultures and passed three times in NL SPF Swiss mice. MCMV was cultured in mouse embryo tissue culture (METC) with medium consisting of Earle's minimal essential medium, 20% fetal bovine serum, 2 mM L-glutamine, 0.1 mM nonessential amino acids, and antibiotics. For maintenance of METC, serum was reduced to 2%.
All seed virus pools were tested by the mouse antibody production test (3) and found not to contain other murine viruses as contaminants. Virus pools did not contain mycoplasma.
Antiserum. Six-week-old SPF NIH Swiss mice were inoculated i.p. five times with 50 to 100 50% infectious doses (ID5os) each over a 3-month period.
Serum was heated at 560C for 30 min. Control antisera also were prepared in a similar manner, using pooled extracts of normal mouse tissues, including thymuses, livers, spleens, and kidneys.
MCMV hyperimmune sera were prepared in 21-day-old NL SPF Swiss mice. The mice were inoculated with 0.05 ml of virus (cell-free fluids from infected mouse embryo cell cultures) in the footpad, followed by two i.p. inoculations at 2-week intervals. Mice were bled 5 weeks after the first injection. The antiserum was heated at 56'C for 30 min. A control antiserum was prepared against cell-free fluids from uninoculated mouse embryo cell cultures by the same process used to prepare MCMV antiserum.
Infectivity titrations and quantitation. Macroscopic observation of necrosis of the thymus was used to assay and quantitate infectious virus. Newborn mice were inoculated i.p. with 0.05 ml of fluid, using a 0.5-ml syringe fitted with a 30-gauge needle. After inoculation, mice were held 10 to 14 days and thymic necrosis was scored macroscopically from 0 (normal) to 4 (maximum necrosis). Infectivity titers (ID5os) were calculated by the method of Karber (7).
Histology. (ii) CF test. TA antigens for microtiter complement fixation (CF) tests (16) were prepared from thymus tissues harvested from 7-day-old mice infected as newborns. Thymuses were pooled, frozen, and thawed, and 10% suspensions were prepared. The thymuses were gound in glass tissue grinders, diluted with an equal volume of distilled water, and shaken at 4°C for 30 min. The suspensions were centrifuged at 1,000 x g for 20 min, and the supernatant fluid was then centrifuged at 73,000 x g for 90 min. The pellet was suspended to one-fourth the original volume in Dulbecco phosphate-buffered saline, sonicated, and further clarified at 9,000 x g for 5 MA Swiss mice at ages 1 to 7 days were inoculated with 100 ID50s of TA, and virus titers in the thymuses were determined from days 1 to 13. Two litters of mice were used for each point. The following points were significant about the data. The thymus of mice 6 days of age or older was not a susceptible organ for TA infection. Mice 1 to 4 days old inoculated with TA showed maximum virus titers 5 days later. Necrosis was apparent 2 days after the maximum titers were reached, except in 4-day-old mice where the curve for necrosis was shifted to 5 days. After this shift, necrosis was rarely observed in older mice.
Thymic virus infection in adult mice. Adult NIH Swiss mice were inoculated i.p. with approximately 100 IDwos of thymic virus. On days 0, 2, 7, 14, 28, 35, and 70 after infection, five mice were killed, and a 20% extract of pools of salivary glands, thymuses, brains, and viscera (heart, lung, kidneys, spleens, and liver) was prepared. Undiluted blood samples were collected by cardiac puncture and pooled. Serum samples were obtained from the pooled blood, and the remaining portion of the sample was frozen and thawed once for virus isolation. Each specimen was inoculated into two litters of newborn mice. On day 7, thymuses were harvested from half the mice from each litter inoculated with the undiluted blood and tissue extracts, and extracts of these thymuses were passaged once in newborn mice. Thymuses of mice from both 6 revealed that all the mice were positive for virus, and virus appeared to be uniformly distributed throughout the cells of the thymus. By day 14, maximum necrosis was rare, 47% of the thymuses were normal, and 53% of the thymuses were partially necrotic.
Of the inbred strains tested, 10 had a response similar to those of Swiss colonies A and B. Thymus necrosis was observed through day 14 . In 4 strains, however, partial necrosis of the thymus was seen on day 7, but by day 14 the thymus in all mice had a normal appearance upon gross inspection. If one or two litters were examined only on day 14, the mice would appear resistant to TA.
Serological relationships and pathogenesis of TA compared with MCMV. TA and MCMV were tested by IFA, CF, and neutralization tests to determine whether these two herpesviruses were serologically related. No cross-reaction occurred in any of the three assays at a 1:10 serum dilution (lowest dilution tested) (Table 5) .
When newborn mice were injected with either TA or MCMV, the following observations were made. TA alone did not cause suckling mortality. Thymus necrosis was observed in all mice examined (macroscopically and in sections fixed for histology) 7 and 14 days after inoculation, and the histology of the liver and salivary glands were normal in 2-week-old mice. A 50% mortality rate (5 of 10) was observed in MCMV-infected mice, and disseminated MCMV disease was apparent in all mice. Sections of livers from 14-day-old mice examined histologically showed foci of necrosis and cytomegalic inclusions. Thymus necrosis was not observed. When TA and MCMV were both inoculated into newborn mice, both thymus and liver necrosis occurred. A dose of MCMV which killed 50% of the mice when inoculated alone killed 100% (10 of 10) of the mice when injected simultaneously with TA.
Epidemiology. Fifteen commercial colonies were tested for TA and MCMV. Both viruses a For MCMV neutralization tests, inhibition of CPE in mouse embryo cell cultures by the respective antisera was read 24 to 48 h after inoculation. For thymic virus neutralization tests, inhibition of thymus necrosis in suckling mice by antisera was read on day 14.
b -, Antibody titer < 10. Virus dose per 0.05 ml inoculated per mouse.
bThymus necrosis was observed macroscopically on day 14 and scored from 0 (normal) to 4 (maximum necrosis).
INFECT. IMMUN. were isolated from four colonies (Table 6) . No single or typical pattern of infection was seen in any of the four colonies infected with TA and MCMV. In colonies 1 and 3, natural antibody was not detected for TA, and only two donor sera were positive for MCMV at titers of 1:10 and 1:20 (Table 6 ). In colonies 2 and 4 where both viruses were isolated from the salivary glands of 6-month-old mice, humoral antibody response was detected by CF tests in donor sera to TA, but tests for MCMV CF antibody were negative.
Some sera were selected from mice from colonies 2 and 4 in which CF antibody to thymic virus was detected in donor sera, and the titers were compared with IFA antibody titers. Of a total of 16 sera tested, 10 had CF antibody titers which ranged from 1:10 to 1:80. By IFA tests, 13 sera had antibody titers which ranged from 1:20 to 1:80. The IFA test from these data appeared to be the more sensitive assay for antibody detection.
From colony 4, individual animals from the ICR strain of mice were also tested for TA. The pattern of infection in this strain differed from that of the Swiss mice from the same colony. TA was isolated from 100% of 15 1-month-old and 18 3-month-old mice tested, but not from 53 mice in the 6-month-old age bracket. No CF antibody was detected in sera from any age group.
Ten of the 3-month-old ICR mice were also tested for MCMV, TA was isolated from all 10 mice, but MCMV was obtained from 8 mice ( Table 7 ). The presence of MCMV was indicated 'All samples were passed twice in newborn mice, and livers and salivary glands from the second passage were inoculated into mouse embryo tissue culture (METC). Cell packs (concentrated 10 times) were harvested and tested for CF antigen titer. CPE-negative samples were tested undiluted.
isolations. The salivary glands were harvested, and 10% extracts were inoculated into newborn mice. TA was isolated from three of four mice, and MCMV from two of four mice (Table 8) . One mouse was negative for both viruses, and TA only was isolated from one mouse. DISCUSSION TA was recognized by Rowe and Capps (14) by observing thymus necrosis in tissue sections prepared for histology studies on mouse mammary tumor virus. This increasing severity of thymus necrosis at each passage level was shown to be due to a filterable agent. Significant observations on the biological properties of TA were made in populations of wild and laboratory mice (14, 15) . We were able to expand the biological observations and analyze the infection in mice with the aid of two diagnostic assays, the CF and IFA tests.
The totally different responses of newborn and adult mice to TA infection emphasize relevant aspects of herpesvirus infections. Early exposure to TA was shown to block the humoral immune response, but failure to elicit this response was not a mechanism for eliminating herpesvirus from the animal system. Chronic infection of the salivary glands persisted, and TA persists in some cell type in the blood and viscera. Adult mice were shown to produce an immune response upon exposure to TA; however, at both ages (newborn and adult) the salivary glands were chronically infected.
Many viruses produce persistent infections in the presence of immunity, and TA can be added to the list (11). The interesting difference in adult exposure, versus newborn exposure is the apparent restriction to salivary glands in the adults, but in newborns TA could be isolated from blood and viscera after the acute phase. Perhaps the presence of neutralizing antibody in adults may interfere with cell-to-cell spread outside the protective environment of the salivary glands. This may not be an adequate explanation, since cell-to-cell spread of herpes simplex virus, cytomegalovirus, and others was not prevented in cell cultures by the presence of high concentrations of neutralizing antibody (5) .
Cellular damage produced by TA infections affects normal T-cell functions, but these return to near normal 6 to 8 weeks after inoculation (2, 4) . However, there is one immunological function which we observed in these studies which does not return to normal at 6 to 8 weeks, and this is the failure of mice infected with TA at birth to respond to viral infection by producing humoral antibody. The initial failure to respond is probably not due to low numbers of immunoglobulin-bearing cells, since the relative numbers in spleens of TA-infected mice were not reduced (2) . The presence of an enriched suppressor population could inhibit this initial reaction, because even though T cell depletion occurred the suppressor cell population remained unaffected and consequently was a purer subpopulation of T cells (4, 10) . However, it seems that once other T cell functions regained a normal reactivity, there would be some humoral antibody response to chronic TA infection. Perhaps tolerance is established to TA, or it is also possible that the suppressor T cell population would have to be depressed by some mechanism.
In the original report on TA, differences in strain susceptibility were found, and some inbred strains were considered resistant to thymus necrosis (14) . It was pointed out that the resistance was probably due to failure of the infected cells to undergo necrosis rather than virus inhibition, since TA could be recovered by inoculation of susceptible newborn mice with thymus extracts of mice from resistant strains. In this study we found that in some inbred strains of mice thymus necrosis was observed on day 7, but by day 14 the thymus was normal. No resistant strains were found, but the rate at which thymus necrosis occurred in certain strains was more rapid than that in other strains. This effect could be related to the maturity of the thymocytes at birth. Four-day-old Swiss mice injected with TA have both thymus necrosis and virus proliferation peaks comparable to newborn animals; however, necrosis was observed 2 days earlier than in mice 24 h of age. TA replicated in the thymus of mice injected when 5 days old, but necrosis was minimal. Even the age range of susceptibility would probably differ for each strain of mice, because minimal necrosis of the thymus occurred in BALB/c mice injected with TA 72 h after birth (unpublished data). In both Swiss and BALB/c strains of mice, there was a small percentage of newborns inoculated with TA which did not show repair of thymus necrosis. These mice died in 4 to 6 weeks, with runting syndrome and severely necrotic thymuses at the time of autopsy (unpublished data).
Both TA and MCMV are naturally occurring herpesviruses of mice (12, 14) . We found in both laboratory mice and wild mice that if one virus could be isolated from a population, then the other one was usually present. However, both viruses were not always isolated from the same mouse of a single group. The epidemiology of MCMV and TA are alike. And there are other properties that are similar. For example, MCMV acute infection causes transient suppression of splenic lymphocyte reactivity to polyhemagglutinin and lipopolysaccharide. Also, MCMV produces chronic infection in the salivary glands (12, 14) and in the lymph nodes and spleens (6) . However, these two herpesviruses of mice have very distinct biological and sqrological properties.
An important observation made in mice simultaneously inoculated with a constant dose of TA and decreasing doses of MCMV was that the mortality rate was significantly increased compared with that for MCMV injected alone. Eye infections, runting syndromes, and hair loss were also observed in the former group (data not presented). The observation of a synergistic effect on mortality rate with combined MCMV and TA should be expanded with additional experiments. These data would be of particular relevance for the study of the occurrence of dual herpesvirus infections in transplant cases and in patients treated for chronic diseases with immunosuppressive drugs (1, 9) .
After reviewing the data on the biology and immunology of TA, perhaps the most significant observation is that newborn exposure to TA results in serious cellular damage to the thymus and produces abnormal immunological functions of which some are transient but others are permanent. Certainly TA is a unique herpesvirus which can be used effectively to define certain properties of T cells. But more importantly, this herpesvirus could be used as a model to study the effects of early thymus damage on the prevalence and course of other common diseases.
